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Outline for the Talk: SPL

Weak Gravity Field Approximation
- PPN Parameters
Present State in Measuring PPN Parameters
- Recent Results & Methods Used
~ Potential Improvements
Motivation for Testing Gravity in the Weak Field
- Goals for the next 5-10 years
~ Possible Experiments & Required Technologies
The LATOR Mission
~ The Concept
- The Physics
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NAS TN Weak-Field & Slow Motion Approximation B

Gravitational experiments in the Solar System are well
described by the weak-field and slow motion approximation of
gravitational field equations

In the case of General Relaﬂvi‘ry we have:

V“ngn = 87Z-G mn 1 f‘)
c' 2 )
Partial differential equations of second order: ~———8f";"
k

These field equations are expanded in series with respect to a
small parameter (v/c), in fact, (v/c)? ~ GM/c?r

Newtonian limit is given by:

8o =—1+2U+0(c™); £, =0(c™);  g,=0,,+0(c™)
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N(AAA The Standard PPN Meftric JFPL

Nordtvedt (1968),Will & Nordtvedt (1972) 10 Parameter-PPN Metric:

o = —1+4+2U-280° 283y + (29 + 2+ as+ ¢ —28)8,
+2(3y =28+ 1+ ¢+ &)&3 + 2(1 4 ¢3) 83 + 2(37 + 3¢y — 28) &,
(¢ - 28)A— (01— a3 — a3 )T — agw'w?U; + (203 — a1 )w'V;
+0(c?),

Joi = m%(41+ 3+tar—az+ - A)i- %(1 +az— ¢+ 26)W;
—%(Oq — 2a9)w'U — aguw’U;; + O(c8/3),
gi; = (14 29U+ 0(e?))éy.
Most measurements of the PPN parameters are done as a by-product
of other massive analysis:
- Spacecraft Doppler and range, planetary microwave ranging,
- VLBI, satellite laser ranging, etc.
Designated PPN gravity missions:
- 6P-A (1976), LLR (on-going), LAGEOS (1981-1998),
GP-B (2003?), STEP (2005?);

JPL, December 15, 2002 Turyshev 4



PPN Parameters and Their Significance

SJPL

Parameter

What it measures
relative ta GR

How mineh space-curvature
produced by unit mass

Value in
semi-conservative

theories

Value in
fully conservative
theories

ROT——

How much "non-linearity” in the
superposition law for gravity

i

Preferred location effects?

L}. 1
¥a
4 21

Preferred frame effects?

{ry

e
s

¥y
G
G2
G
G

Violation of conservation
of total momentim

S Ooo O o Do &

oo e

o B e xS | [ o . B B Y

PPN parameters quantifying fundamental properties of space-time
and are responsible for certain symmetries.

C. Will, 1998

JPL, December 15, 2002
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Scalar-Tensor Theories of Gravity S0

Arbitrary Cosimc PPN Parameters
Functions Matching
Theory or Constants | in GR 0% o] ¢ |o o)
General None None 1 0] 0 0
Relativity
Scalar-Tensor:
Brans-Dicke W do L1 oo o
. 14w
Generic ST Alp), V(p) © orw | Lt A0l O 0
Rosen’s Bimetric Nomne o, C1 1 1 01 0 g—(l] —

A number of theories are still viable alternatives to general relativity.

JPL, December 15, 2002
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Current Limits on PPN Parameters

APL

Parameter | Effect Limit Cominents Reference
A -1 Time delay 2% 1073 Viking ranging Reasenberg et al, [1976)
Light Deflection 3= 10! VLBI Enbanks et al. {1998}
-1 Perilielion Shift 3 x 1073 Jy = 1077 = helioseismolgy | Shapiro {1990]
Nordtvedlt Effect <Hx 107 =48~ — 3 asswned Anderson & Williams (2001)
& Time Delay & VLBI & v from VLBI, planetary (zrand-fit)
7 Nordtvedt Effect” 1.3 % 107 | Lunar Laser Ranging Baessler et al. {1999)
Nordtvedt Effect 24 8) = W0 | g=43 -~ — 3 assumed Anderson & Williams (2001)
{ Earth Tides 1073 gravimetry data
(ry Orbital polarization 10~ Lunar Laser Ranging Miiller et al. {19965}
PSR 231741439 Bell, Camilo & Damour {1996)
€y Solar spin precession 4x 1077 Solar alignment with ecliptic | Will (2001}
(k3 Pulsar acceleration 2 % [0~ Pulsar P statistic Bell & Damour (1996)
g - 2x 1074 Combined PPN bounds
{a Binary self-acceleration 4x 10" P for PSR 1913+16 Will (1992)
3 Newton's 3rd law 167% Lunar acceleration Bartlett & van Buren (1986)
(i {Non-independent ) - 601 = 30 + 20 — 33 Will {1976}

Here parameter v =47 — 4 — 3 — %Q - (¥ — %ﬂ:g — %{1 - %(r_;

JPL, December 15, 2002
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Progress in Measuring PPN Parametery  JILL

Cassini (2003?) & GP-B (2004?): ~3x10""5

Eubanks et al. (1997) 1 VLBI: ~3><10_§'4 Anderson et al (2001) (planetary range): ~2x1073

; . Jacobs et al. (1998) — VLBI: ~1x1073
I } IR Froeschle et al. (1997) — Hipparcos: ~3x10-3
1995 - ——— : | (1997) — Hipp
Lebach et al. (1995) - VLBI: ~1.7x10~> ! | |
i i : : ; i
1990 - : [ - e
i ! ;Robex tfson et al. (1991) — VLBI: ~2x1073
s | Rieasenberg et al. (1979) - Vlkmg 2x1073
s
| E
1975_“ i I I S i > ¥
0.998 0.999 1 1.001  1.002

25 years of progress in measuring PPN parameter y: 1979-2004.
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25 years of Testing PPN Parametersyand B JI=lL

1.002 |

0.999

Mercury Perihelion Shift

0.998 =

JPL, December 15, 2002
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Lunar Laser Ranging

— o — -
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¢
¢

ey S S U IR,

Mars Radar Ranging

———————< VLBI & combined
o planetary data

______

0.998 0.999

1

1.001 1.002
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thSA Best Values for PPN Parameters o= R

Parameter Value Method Reference
s(1+7) 1.000 £ 0.002 s/c range (Viking Lander) Reasenberg et al. (1979)
1.000 4= 0.002 Geodetic VLBI (10 years, 3 x 10° points) Robertson et al. (1991)
0.9996 + 0.00179- | VLBI (3C273B, 3C279 143,154 pts @ 2,8,23 GHz) Lebach et al. (1995)
1.000 £ 0.005 LLR Williams et al. (1996)
1.000 £ 0.003 Astrometric (Hipparcos) Froeschle et al. (1997)
1.0000 £ 0.0003 VLBI (1979-1996; 1,550,741 points) Eubanks et al. (1997)
3 0.9999 =+ 0.0006 LLR Dickey et al. (1994)
1.003 + 0.005 LLR Williams et al. (1996)
1.0000 =+ 0.00054* LLR & ~ fixed @ Viking Lander value Anderson & Williams (2001)
1.00005 £ 0.00047* LLR & 7 fixed @ best VLBI value Anderson & Williams (2001)
n —0.0005 £ 0.0011 LLR, assumes WEP Dickey et al. (1994)
1.0002 £ 0.0008 LLR, n = 48 — v — 3 assumed Anderson & Williams (2001)
A 1.000 £ 0.00075 VLBI, LLR, where Shapiro (1989)
0.9996 & 0.0012 Ao = 3(2+2y—0) +0.296 - Jog, x 10 Pitjeva (1993)
1.00000 £ 0.00017 VLBI, LLR, planetary Anderson et al. (2002)
ol <1x107® Combined Solar system data: Damour & Nordtvedt (1993)
(1 + ko)a <25x% 1073 VLBI, range and Dopller s/c & planets :
G/G —(2+4) s/c range (Viking Lander) Hellings et al. (1983)
x 10712 —(11.0 £ 10.7) Binary pulsar Damour et al. (1993)
[yr!) (4.7+4.7) Mercury radar Pitjeva (1993)
<1 LLR Williams et al. (2001)
0G/G -3 x 1071 AU Combined analysis of planetary data Nordtvedt (1987)
<2x 10712 AU™! LAGEOS, SLR Cuifolini (1993)
Q > 0.018 VLBI Eubanks et al. (1997)

*n =403 — v — 3 assumed
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5“‘ New Discipline: Applied General Relativity o JF=l

For the last 30 years GR became an applied engineering discipline:
- GPS, spacecraft navigation, geodesy, time synchronization, etc.
- Astrometry is the most demanding discipline for accurate gravity
modeling: SIM (~3-10 pas), GAIA (~1 nas)
The take-away message:
- WFSM approximation is well mapped to the 1PPN order;
- Experiments testing the 2PPN order are needed!
VLBI (~1x10-4):
- Number of observations (1.5 M to 15 M = factor of 3)
- Higher frequencies (need a user for DSN )

LLR (~1x10-*): sub-cm accuracies (thermal effects, etc)

Microwave ranging (~1x10-*): a designated mission !lI?

JPL, December 15, 2002 Turyshev 11



Motivation for New Tests .lpl—

Lagrangian function L for the massless scalar is suggested by the low-energy limit of
the string theory and it has the form ('Einstein frame') Damour & Nordtvedt (1993):

lﬁ?rc f d;‘[“iv‘f (R 29!”?”??“@)?;}@) -+ ng {%}3{1“ A(Q} gmn]

Expansion A{¢) around the background value ¢y of the scalar field leads to

ig: —

In A{p) = In A(4pp) + @i — o) + - kcw,o wo)’ + O(Ap?)

Slope oy measures the coupling strength of interaction bemeen matter and the scalar.

v—1 = 1+ng 205, ;9~1Mq{1+ Ejgm crﬁkg

A scenario for cosmological evolution of the scalar field:
« 1

b4
'~1mf3xlli“?(g&) = 4—=1~1077=1077

where () is the ratio (current density)/(closure density) and H, is the Hubble constant.

Murphy et al. {2001) found evidence for time-variablity in the fine structure constant

-y =43 —7—3 ==
GH(] 7 ! K o Hy

provide a tantalizing motivation for testing the SEP parameter 17 at a comparable level.

~ 1077
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e

N\@% Existing & Previously Proposed Concepts: SPL

Goal o, Project /Method Comments
(5—10) x 1073 Cassini/solar conjunction Two experiments in 2002 and 2003.
Ka and X band. Anderson et al (2002)
(3—7)x107° Gravity Probe B Launch in 20037
Geodetic and Lense-Thirring precisions Buchmann and Everitt (1994)
3x107° Mercury Relativity Satellite Ashby et al (1995):. o5 =2.3x 10
o(Joz) = 2.5 x 1078, §[G/G] =9 x 1071 yr~*
1x 107 Mercury Relativity Orbiter Bender et al. (1994): above & laser transponder
4 x 1078 Mars Laser Ranging Murphy et al. (2002): range ~ %1 cm,
time delay, SEP, grand fit’ long-range forces, §[G/G] = 3 x 1071%, Mars missions
~1x107° Asteroid Laser Ranging Icarus, ...77 Range ~ +1 cm, JPL experize,
time delay, perehileon precession long-range forces, 3, G/G, designated mission
3x10° GAITA/pas astrometry ESA, Launch ~ 2014. Objects ~ 5 x 107
1x107® POINTS/pas astrometry NASA: work stopped.
light deflection Reasenberg & Chandler (1989)
1x 1077 Solar Orbit Relativity Test ESA: not chosen. Veillet and Stanford (1994)
light deflection Laser transponder/receiver
~ 1077 —-107° LATOR I: optical interferometery MIDEX Proposal: Shao et al. (1994), JPL experts
2PPN order light deflection to ~ 0.2uas | Optical interferometry & Laser transponder /receiver

JPL, December 15, 2002 Turyshev 13



NSQSA LATOR: Relativistic Deflection of Light JPL

Apparent position of
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i% Sun

True position of the source

Both LATOR (Shao et al., 1998) and SORT (ESA, 1998) are similar to
VLBI Experiments with Deflection of Light by the Sun
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Ngé\sé LATOR: Laser Astrometric Test of Relativity SPPL

* Shao et al. (1994) proposed a space-based experiment to
measure the gravitational deflection of light by the Sun.

* Experiment uses:
- Two spacecraft @ 1AU, heliocentric orbit & Laser;

- A ground-based optical intferferometer to measure angles
between the two spacecraft to accuracy of ~2 pnas.

-~ Laser ranging to spacecraft:
» Interplanetary Laser transponders with accuracy ~10 cm;
* Or Radio Doppler methods might also be used for ranging.

Geometric redundancy will allow to measure:
- PPN parameter y: ~ 10 —10-8;
- 2PPN order light deflection & frame dragging effects.

JPL, December 15, 2002 Turyshev 15



N@\é@ LATOR: Laser Astrometric Test of Relativity JPL

A MIDEX-class ($180M) LATOR experiment uses:
- Two spacecraft @ 1AU, heliocentric orbit & laser transponders;

- Anoptical interferometer to measure angles between the two
spacecraft to accuracy ~0.02 pas (needed 1% of 3.5 pas).

1. Laser transponders for pointing and range at 2AU.
- Interplanetary Laser transponders with accuracy ~3 cm;
~ Target acquisition with solar background.

2. Angle Measurement Accuracy
- Laser Interferometer on ISS with ~100m baseline;
- 0.02 pas => 0.1 picorad ~10pm.
- SIM demonstrated laser metrology repeatability <10pm (~0.03 Hz)

JPL, December 15, 2002 Turyshev 16



Relativistic Deflection of Light S0

Reference” 9 Earth
source DR—Earth ~2AU ~0.3-10" km
_________ 0~ 1° - =
Dy ~0.03 I%U """"""""
~5-10" km
. JPPan Sun
Apparent position™. JPttan

True position of fﬁe@rget source

ADg 7 parn = 15 cm . '
Geometric redundancy will allows for accurate measurement of:

ADp = 0.3 cm Relativistic gravitational light deflection to 1 part in 10°.

JPL, December 15, 2002 Turyshev 17



Ngf‘»‘e Sizes of the effects JPI_

Analythic Form Value (pas) | Value (pm)
First Order 21+ )% 1.75 x 10° | 1.537 x 10%
Finite Distance to Earth | —3(1 + ‘)%;%E -9.5
Frame-Dragging i%(ﬂf&l + Ag)% +0.7
Solar Quadrupole 2(1+7) JQ% 0.2
Second Order (201 +7) = B+ 3A]r — 2(1 + )% 3.5 65.8

SIM demonstrated laser metrology repeatability <10pm

JPL, December 15, 2002 Turyshev 18



Ng";l\:\;"‘-‘é Several Different Measurement Options Jpl_

Angle Measurement Options:

m Ground based 10km interferometer
C is atmospheric limited ~0.2 pas

Laser Interferometer on ISS:
—~ ~100m baseline;
— (M/R)? term ~3.5 pas;
— 0.02 pas => 0.1 picorad ~10pm.

» SIM demonstrated laser metrology
repeatability <10pm (~0.03 Hz)

B

Option 1.
3 lengths &
1 angle measured

Option 2:
2 drag free S/C = Highest accuracy with all-in-space
Angle vs. time experiment
= There is another option that
B ~ C ~ 3x10!m ~ utilizes 4 s/c in the Earth's vicinity

A is measured to ~3cm

JPL, December 15, 2002 Turyshev 19



The LATOR Experiment

A

i position B for Hght deflection and
frame dragging measurements.

Gravitationsl wave detection
MessLrements cor-also be performed

Fed, orange and green lngs:
taser beacor and trackitg
ks,

LAUNCH: The shittie takies the 00 m, fiber
baselioe inkeferometer, spacecraft 1+ 2 + thruster,
and spacecral 3+ its thruster to Space Station
orbik inthe Stwtthe bay, Spacecraft'l + 2 are '
laurched fiest, followed by spacecraft 3. The i
shuttle then docks with the Space Station to deliver 5:5 ;

frr position A for light deflection end
frame dragging meastrements.

0 1,
s,

the mnterferometer att in one flight. 3

Spacecratt 3 invery ighly ellpticat
orbit around the Earthe Thisome

& the frame dragging reference.

Precise oriertation of the eltipse is TBD,

JPL, December 15, 2002

LATOR i1 - LATOR |+

LATORN

Spacecraft Land?2
ontheir way. Frame
dragging by the Earth
gets measured by
porforming detarce
ITERELNRITEIRS,
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LATOR ITI Experiment (2) SPL

" THE FIBER-COUPLED TRACKING INTERFEROMETER
’ Light #om spacecraft +
Solar coronagraph compressor Heterodyne rm?e; ”%m R *
Eﬁ%m’m ;aﬁ Narrow-band solar filter mgg@ﬁg !

Extended ohject full ocoulting spot

SN0,

"y k N "
Metrology light for fiber 1 (A} +
5 Metrology light for coronagraph (3.}
Angle-potished fiber coupler
Coronagraph metrology k
corper cube
L/

S5~ 595 ot &, andih,,
Pointing siderastat , “ reflects &, v i,
_ Heterodyne mixer lasey Metrology light For fiber 2 (4 )
\golfimator () 9y 1 A
Telescope clear aperture: 20cm ~§°, Metrology —cube Angle-polished fiber cwm /
tro-reflector Light from spacecraft +
e Heterodyne beat light +
Acquisition and tracking camera Metrotogy light for fiber 2

ANGLE TRACKING INTERFEROMETER RECEIVER ELEMENT: There are a total of four
of these receivers looking at spacecraft 1 and spacecraft 2 in pairs, with members of each pair
separated by 100 m at each end of the station. In addition to these, the interferometer consists of
the beam combiner and a pair of linked laser beacons. The laser beacons are only for direction
finding for the spacecraft (Earth location beacon) and data transmission.
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LATOR IIT Experiment (3) JIPL

THE FIBER-COUPLED TRACKING INTERFEROMETER

Laser beacon beam expander
Beacon expander metrology

/—-’ phase refarence iasaisam I umm-r

Narrow-band solar filter
H f' 35 Phase refererce
small pick-off for

slock-traveher
Clock transier teacon
bewr expander roetrology.
correr-£ebe
Pointing siderostat
10 W beacon laser
Felescope clear aperture: 20cm - 8"
Frogpeecy stabiiieed laser tight
Yekan Ciirsel .
[ THE TRACKING LASER BEACON  pauinput tomodulator

November 1, 2002
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LATOR III Experiment (4) JIPL

LATOR III SPACECRAFT CONCEPT

Solar fiker

' 4
Prase tracker SIMPLIFIED OPTICAL DIAGRAM Yelta Gassel
{difiererk colors are different Tight frequencies saparated by dichr oics) w&, 4, 2002

Angle tracker
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LATOR IIT Experiment (5) JIPOL

LATOR III Technical Demonstration

Interference filter {1 16 3 nm) Bingle-mode, bare liber attached
to the fiber bundle

i

| Spacecratt gnal

Extended-object, full-stop coronagraph
Grooud reference

%, Asousto-optie
| Modulator

i

_/ (40.01 Mhz)

Lyot stop

Ealing Fiber bundle
Huminator (SUN)

S s
"

Fiber-couplod 635 nm laser

diode (LATOR spacecraft)
Yekta Gilroel
Heterodyne beat signal display L w
and recording (10 kHz) November 6, 2001

JPL, December 15, 2002 Turyshev 24



Why is LATOR Potentially Orders or
Magnitude more sensitive? Jpl—

« Optical vs. Microwave:

— Solar plasma effects decrease as A2: from 10cm (3G6Hz) to 1 um 300
THz is a 1019 reduction in solar plasma optical path fluctuations. (As
compared to microwave probes of the solar gravity.)

« Orbit determination:
— Drag-free satellites are needed by LISA;

— The use of a redundant optical truss is an alternative to ultra-
precise orbit determination. LATOR is insensitive to S/C buffeting
from solar wind and solar radiation pressure (compare to
Cassini/LLR/GP-B)

« Potential for a low cost experiment:

— Optical SNR is very high, 100’s mW lasers with freq stability and
lifetime already developed for telecom and flight qualified for SIM.

— Optical apertures in the 5cm to 10cm range sufficient;

— Options exist for no motorized moving parts, final precise alignment
options include electro-optic
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NCASA LATOR offers a very good sciencel! =

LATOR will achieve accuracy 4 — 5 order below currently available
by measuring the 2PPN order relativistic deflection of light

- PPN parameters y: ~107-10°;

- A number of theories of gravity will be tested in a new regime.
Other interesting contributions:

- Relativistic frame-dragging effect:

- Solar system research:

» Solar physics: solar J2; frame-dragging effect, mass,
atmosphere;

» Solar system bodies: masses, distances;
- VLF Gravitational Waves?
~ Verification of the matched asymptotic expansion technique.

Gravitational physics community support/endorsement: National
Academy of Sciences report for Space Science in 215t century

2nd Order PPN test of relativity is a very good sciencel!
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Conclusion:
New Physics & Valuable Technologies JPL

Synergy with current and future JPL missions and strategic goals:
- SIM,LISA, Starlight;
- Optical interferometry;
- Precise navigation and communications;

~ Gravitational physics and computational data analysis center
(potential users LIGO, LISA, LATOR, etc?)

LATOR will utilize/improve existing technologies:
- Sub-picometer-class metrology:;
- Precision optics and structures;
- Milli-Kelvin thermal control.

LATOR will open a window to address new Grand Challenges

The expected results are important; the mission should be done.
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